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ABSTRACT 

In the four dimensional free fermionic formulation of the heterotic string, a semi- 
realistic SU{A) X SU{2)l X SU{2)ji model is proposed with three fermion gener- 
ations in (4,2, 1) + (4, 1,2) representations. The gauge symmetry of the model 
breaks to the standard gauge group using a higgs pair in the (4, 1,2) + (4, 1, 2) rep- 
resentations. The massless spectrum includes exotic fractionally charged states 
with non - trivial transformation properties under part (5*^(4)) of the non - 
abelian 'hidden' symmetry. Finally there is a mirror pair in (4,2, 1), (4,2, 1) al- 
lowing the possibility for an identical running of 5'4,L,i? couplings between the 
string and SU{4) breaking scales. This is of crucial importance for a successful 
prediction of the weak mixing angle. Potential shortcomings and problems of the 
construction are analysed and possible solutions are discussed. 



IOA-335/95 
September 95 



One of the most challenging and interesting issues in strings [|I|, is to con- 
struct realistic models [2-10], consistent with the low energy theory. Most of the 
attempts in this direction p|, 0, ^, have been concentrated in constructions 
of string models based on level-one {k = 1) Kac-Moody algebras. At the k = 1 
level, several obstacles have appeared: First, unified models based one these con- 
structions do not contain higgs fields in the adjoint or higher representations, 
therefore, traditional Grand Unified Theories (GUTs), like SU(5) and SO(IO) 
could not break down to the Standard Model. Attempts to overcome this diffi- 
culty, led to constructions which needed only small higgs representations to break 
the symmetry 0, Q A second difficulty |TT| that was encountered within the 
k = 1 Kac - Moody models, was the appearance of fractionally charged states 
other than the ordinary Quarks, in the particle spectrum. Such states, -unless 
they become massive at the string scale-, they usually create problems in the 
low energy effective theory. Indeed, the lightest fractionally charged particle is 
expected to be stable. In particular, if its mass lies in the TeV region, then the 
estimation of its relic abundances |jl2| contradicts the upper experimental bounds 
by several orders of magnitude. This problem can in principle be solved by con- 
structing models containing a hidden gauge group which becomes strong at an 
intermediate scale and confines the fractional charges into bound states p!B[ . 

Finally, from the technical point of view, the greatest difficulty in these con- 
structions is to obtain a three generation unified or partially unified model, which 
at the same time retains the successful low energy predictions of the supersym- 
metric GUT's. In fact, we know that using the higgs and fermion content of 
the minimal supersymmetric standard model, the three gauge couplings (71,2.3 of 
the standard gauge group attain a common value at a scale Mqut ~ IQ^^GeV . 
However in strings, the unification point {Mstring) is not an arbitrary parame- 
ter: it is a calculable quantity from the first principles of the theory and at the 
one loop level is found to be around two orders of magnitude larger that Mqut, 
Mstring ~ 0.5gstring X lO^^GeV^. String threshold corrections which can also be 
computed in terms of quantities related to the heavy string modes, do not bring 
closer these two scales. The consistency of string unification and low energy val- 
ues of gauge couplings can be arranged if suitable extra matter representations 
and proper intermediate gauge group breaking steps are included. 

A partially unified group which fulfills the basic requirements |^, is based on 



^more recent attempts!^, |l^ to overcome this difficulty have led to 5*0(10) x 50(10) or 
SU{5) X 5C/(5) product groups, where the 50(10) or SU{5) are realized directly at level 1. 
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the Pati- Salam |T3 gauge symmetry SU{A) x SU{2)l x SU{2)ji. The symmetry 



can break down to the standard model gauge group without using adjoint or any 
higher representations. Color triplets and higgs doublets arise in different repre- 
sentations, thus the model is free from doublet-triplet splitting complications, as 
the triplets become massive from simple trilinear couplings. There are no danger- 
ous proton decay mediating gauge bosons, thus the SU(4) breaking scale can be 
lower than the GUT scale predicted by other rival unified groups. Furthermore, 
a recent non - renormalisable operator analysis |T6| of its super symmetric ver- 



sion, has shown quite remarkable features on the fermion mass matrices [0, |18 
which provide a strong motivation to study the string derived model in more 
detail. The renormalisation group analysis of the string version has already been 
studied in detail in many papers, taking into account GUT, supersymmetric and 



string threshold corrections |]19|, |21[. It was shown that it is possible to ob- 
tain the correct range of the low energy parameters while having two different 
scales, (a string Mstring ~ l-Q^^GeV and a "GUT" SU(4) gauge breaking around 
(10^^ — 10^^)6*6^) provided there is an intermediate scale ~ IQ^^GeV where some 
"exotic" states acquire their masses. This was necessary to compensate for the 
splitting of the three standard model coupling constants, caused by the different 
evolution of the gi^QBiQi gauge couplings in the range Mstring — Mqut- How- 
ever, a more natural way to achieve unification of the standard model gauge 
couplings at ~ lO^^GeV, is to include suitable representations which enforce the 
same (or even approximately similar) running of the gL,gR,g4 couplings between 

Mstr^ng-MGUT HI • 



In the present work, we wish to present an alternative version of the string 
model based on a different &i,2,3 subset of basis vectors. This new construction 
offers some rather interesting features with respect to its predecessor: First, the 
fractionally charged states appear now with non-trivial transformation proper- 
ties under a hidden gauge group (namely S'p(4)). Although this is not probably 
enough to confine the fractional states at a rather high scale, the above construc- 
tion can be viewed as an example how to proceed for a more realistic model. 
Second, due to a symmetric appearance of the L — _R-parts of the various repre- 
sentations in this model, it is in principle possible to obtain almost equal values 
of the gL,gR,g4: couplings after their running down to Mqut- 

Before we proceed to the derivation of the string model, in order to make clear 
the above remarks we briefly start with the basic features of the supersymmetric 
minimal version. Left and right handed fermions (including the right handed 



2 



neutrino) are accommodated in the (4, 2, 1) , (4, 1, 2) representations respectively. 
Both pieces form up the complete 16*^ representation of SO{10). The symmetry 
breaking down to the standard model occurs in the presence of the two standard 
doublet higgses which are found in the (1,2,2) representation of the original 
symmetry of the model. (The decomposition of the latter under the SU{3) x 
SU (2) X U{1) gauge group results to the two higgs doublets (1, 2, 2) (1, 2, + 
(1, 2, -|).) The SU{4:) x SU{2)r SU{3) x U{1) symmetry breaking is realized 
at a scale ~ lO^^^^^GeV^, with the introduction of a higgs pair belonging to 
H + H = (4,1,2) + (4, 1, 2) representations. 

The asymmetric form of the higgs fourplets with respect to the two SU{2) 
symmetries of the model, causes a different running for the gL,R gauge couplings 
from the string scale down to Mqut- The possible existence of a new pair of 
representations with SU{2)i - transformation properties (as suggested in [|1^) 
which become massive close to Mquti could adjust their running so as to have 
9l = Qr at Mgut- Moreover, a relatively large number {nr,) of sextet fields 
{riD ^ 7) remaining in the massless spectrum down to Mqut, would also result 
to an approximate equality of the above with coupling. Obviously, the equality 
of the three gauge couplings g4^L,R at the SU{4:) breaking scale Mqut, is of great 
importance. In practice, this means that the three standard gauge couplings (71,2,3 
start running from Mqut down to low energies, with the same initial condition. 
Thus, choosing Mqut ~ lO^^GeV, we are able to obtain the correct predictions 
for sin^Oy/ and a2,{rny/). As a matter of fact, the intermediate gauge breaking 
step gives us one more free parameter (namely Mgut)-, thus having obtained the 
desired string spectrum we are free to choose its value in order to reconcile the 
high string scale Mstring with the low energy data. 

With the above observations in mind, we will attempt to obtain a variant of 
the SU{'i) X 0(4) model which pretty much satisfies the above requirements. The 
subset of the first five basis vectors we are using in our construction, including 
the (1, 5') sectors are the following 
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= {r, 


^1...6^ 






1...6 


^1- 


.5^123^1.. .8| 
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= {r, 


^1...6^ 


o,...,o. 


0,... 





0,.. 


.,0} 


hi 


= {r, 




{yy)^'"', 


0,... 







•V} 




= {r, 




{yyr, 




56 




•V} 


h 


= {V. 




{yyr'\ 


0,... 





^1- 


.5^3| 



All world sheet fermions appearing in the vectors of the above basis are as- 
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sumed to have periodic boundary conditions. Those not appearing in each vec- 
tor are taken with antiperiodic ones. We follow the standard notation used in 
references P, ^ H. Thus, ip'^, x^'"^, {y/^Y'"^ are real left, , (|//ti})^'"^ are real right, 
and i|ri- -5|^i23,|,i...8 complex right world sheet fermions. In the above, the basis 
element S plays the role of the supersymmetry generator as it includes exactly 
eight left movers. bi 2 elements reduce the = 4 supersymmetries successively 
into = 2, 1. Furthermore, the above set breaks the original symmetry of the 
right part down to an 5*0(10) gauge group corresponding to the five (il'^- -^) com- 
plex world sheet fermions while all chiral families at this stage belong to the 16*^^ 
representation of the SO{10). Note here the difference of the third basis element 
63 with the one used in previous constructions [0, ||, To reduce further the 
50(10) symmetry to the desired 50(6) x 0(4) gauge group, we introduce the 
basis elements 64 = {{yvY^^, {ujuY^'^] 0, 0}, 65 = {(l/y)^^^ {oouY^'^; 0, 0} and 
the vector 

a = {0, 0,...,0, {yyf, {couf ; i|ri23^i23$i...6| (2) 

These three vectors complete our basis for the model under consideration. In 
particular, the vector a breaks the original gauge group to the following symmetry 

[50(6) X 50(4)]„,^ X X [50(12) x 5p(4)]^,,,^„ (3) 

5*0(6) ~ SU{A) corresponds to the three complex fermions il'^^^, while gener- 
ate the 0(4) ~ SU(2)l x U{2)r part of the observable gauge symmetry. 50(12) 
corresponds to <|)^- -^ while 50(5) ~ 5p(4) to u;$^^. We have introduced sub- 
scripts to denote the observable and Hidden part of the symmetry. A well known 
feature of these constructions is the appearance of various U{1) factors (three in 
the present case ) which act as a family symmetry |2^ between the generations. 



As we will see soon, the fractionally charged states in the observable sector be- 
long also to the 4 = 4 representations of the 5*^(4) ~ 5*0(5). The particular 
content of the model depends also on the choice of the specific set of the pro- 
jection coefficients c = e^'"'^'^ . In order to guarantee the existence of A^ = 1 
space time supersymmetry, we choose c f. =1 for j = 1, 2, 3, while for the other 



coefficients one possible choice is c [^] 



1 for i = 4, 5, c 



— 1 for 



j = 1,2,3 and c f^. = > i, while all the others are fixed by the modular 

invariance constraints. 

We start first by presenting the spectrum with the representations which 
are going to be interpreted as fermion generations and SU (4) breaking higgses. 
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Fermion generations arise from &i,2,3 sectors appearing in symmetric represen- 
tations under the SO (6) x 0(4) symmetry. Thus it makes no difference which 
of the two resuhing representations of 61.2,3 will accommodate the left or right 
components of the fermion generations. The choice of the assignment however, 
is crucial for the higgs fourplets which are not symmetric under the two 5'[/(2)'s. 
Thus, starting with one of the two possible choices the sectors which provide with 
the fermion generations and possible SU{A) breaking higgses are| 



h 




Fi 


= (4,2,1; 


(-1/2,0,0) 


Fi 


= (4,1,2; 


(1/2,0,0) 






F2 


= (4,2,1; 


(0,-1/2,0) 


F2 


= (4,1,2; 


(0,1/2,0) 


h 




F3 


= (4,2,1; 


(0,0,-1/2) 


F3 


= (4,1,2; 


(0,0,-1/2) 


&2 


+ 64 : 


F24 


= (4,2,1; 


(0,1/2,0) 


F24 


= (4,1,2; 


(0,-1/2,0) 


h 


+ 64 + &5 : 


F34.5 


= (4, 2,1; 


(0,0,1/2) 


F' 

-^345 


= (4,1,2; 


(0,0,-1/2) 



The above representations of the observable sector transform trivially un- 
der the hidden gauge group. However, they all appear charged under the three 
f/(l) factors corresponding to r/i,//2,''?3 world-sheet fermions. These charges are 
denoted with the three indices in the above representations. -^1,2,3, -^1,2,3 can ac- 
commodate the three generations, while from the (62 + ^4) and (b^ + b^ + b^) sectors 
we get a pair of family - antifamily {F24 — -F345) left-fourplets. Unfortunately, in 
this case the two remaining representations -F345, -F24 cannot play the role of the 
two SU{4:) higgses, as they are both of the type Hi 2 = (4, 1, 2). More over, this 
spectrum apparently creates an anomaly with respect to the SU (4) gauge group, 
since there is an excess of fourplet over anti - fourplet fields; however, there is a 
pair of exotic states (4, 1, l)(\/2 00) + (4, 1, -'-)fi/2 0) with fractional charges arising 
from the sector (1 + 62 + &3 + &4 + a) which guarantee the anomaly cancellation. 
The novel feature of these representations here, is their non - trivial transforma- 
tion under part of the hidden non - abelian gauge group. In fact they belong to 
the n = n = 4 representation (denoted as superscript) of the 5*^(4) symmetry. 
As we will see soon, this is also true for the rest of the exotics in this construc- 
tion. Provided the hidden group confines at some later stage, this allows for the 
possibility of forming various types of condensates. By choosing proper flat di- 
rections, such states may become massive and disappear from the light spectrum, 
while some of them can have the right higgs properties so that they can be used 

^ The second case arises by interchanging 4 ^ 4 , 2^ ^ in the above sectors, and will be 
commented below. 
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to break the SU (4) symmetry. Indeed, in order to examine this case further, in 
the following let us continue with the relevant representations. From the sectors 
(1 + 61 + 62 + tt), (1 + &i + &2 + &4 + &5 + a) and (1 + 62 + ^3 + ^4 + a) we obtain six 
pairs of "exotic" doublet states (1, 1, 2)'^"/"') + (1, 2, possessing half integer 
(±1/2) electric charges. Interestingly enough, these exotic states can in principle 
condense with the (4, 1, l)"j^y2 o) + (4' -'-)fi/2 o) states into the missing higgs 
fourplets H12 = (4,1,2) at a later scale. (Their f/(l) - charges depend on the 
specific (1, 1, 2) representations). Thus in this way there can exist now two higgs 
pairs (namely Hi^2 + -^^1,2) where either of them can break the S'f/(4)-symmetry 
to the standard model. However, of crusial importance is the confinment scale 
Mc of the Sp{4) symmetry, as it simultaneously defines the SU (4) breaking scale 
of the observable symmetry. This can be calculated from the formula 

Mc = MstringExp{-^{— — )} (5) 

O5O5 (^string «c 

where 6505 = —3C2{S05)+2n4+n2 is the beta function of 50(5), while C2{S05) = 
3. For two fourplet higgses we need ^4 = n2 = 2 thus 6505 = ~3 as in the case 
of the SU (3), which means that the confining scale is rather low. However, there 
are some important differences which should be mentioned. First, the initial scale 
where the renormalisation starts is Mstring which is two orders higher than the 
supersymmetric unification scale Mqut- Furthermore the unified coupling agtring 
turns out to be larger than the common gauge coupling acuT in the minimal 
supersymmetric unification. For example in it is found astring ~ 1/20, while 
acuT ~ 1/25. Thus, in contrast to the SU{3), for the Sp(4) confining scale one 
finds Msp^ ~ lO'^GeV. This scale is still rather low compared to the usual grand 
unification. However, in the case of the SU (4) 'unification' this is not a disaster; 
as we have already pointed out, there are no gauge bosons mediating proton de- 
cay, thus a low energy breaking scale is not necessarily in contradiction with the 
low energy phenomenology. Nevertheless, it would be desirable to obtain a rather 
higher confinement scale close to the 'conventional' minimal supersymmety uni- 
fication point ~ lO^^^^^GeV. This of course would need a confining group with 
rank higher that the 5*^(4). 

From the Neveu-Schwarz sector we get the following fields: Two higgs fields 
of the type (1, 2, 2)(o,o,o) under the observable SU{4) x SU{2)l x SU{2)r gauge 
group, and no charges under the three family-type U{1) symmetries. Six sextet 
fields (6, 1, l)(±i,o,o)+perm. Various singlet fields xf±i,o,±i)' xf±i,±i,o)' X(o,±i,±i) with 
integer (±1) surplus U{1) charges are also available. Representations with the 
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same transformation properties but different charges under the three U{1)- family 
symmetries are obtained from the sectors S+b2 + b3, S+bi + b^ and S+bi + b^ + b^. 
In particular, they give singlet fields analogous to those of the NS - sector but 
with half - integer extra U{1) charges, ^(±i/2,o,±i/2)' ^f±i/2,±i/2,o)' ^?o,±i/2,±i/2)' and 
S{±i,±i/2,±i/2)- In addition in the massless spectrum there exist vector represen- 
tations of the hidden part of the symmetry which do not have transformation 
properties under the observable gauge group. Thus, each of the above three sec- 
tors gives the 12 of S0{12) and 5 of S0{5). The resulting three 12*'* irreps 
do not play any role in the observable world, however if the 5's remain mass- 
less, they can lower dangerously the confining scale. Finally, from the same sec- 
tors one gets sextet fields -Di,2,3 = (6, 1, l)(o,i/2,i/2), (6, 1, l)(±i/2,o,i/2) and higgses 
^1,2,3 = (1, 2, 2)(o,-i/2,i/2), (1, 2, 2)(±i/2,o,i/2)- At least one of the latter is expected 
to acquire a vacuum expectation value (vev) along its two neutral components in 
order to give masses to fermion generations through Yukawa couplings allowed 
by gauge and string symmetries. Although only few couplings are expected to 
be present at the trilinear superpotential, there is a large variety of singlet fields 
possessing various U{1) charges which are going to form non - renormalisable 
mass terms. 

Let us briefly now discuss the fermion masses. Light fermions acquire their 
masses with the usual higgs mechanism, when some of the (1,2,2) (l,2,i) + 
(1, 2, — |) higgs representations develop vevs. If we assume that below Mqut the 
model behaves approximately as the minimal supersymmetric standard model, 
only one pair of the available electroweak higgs doublets (or only a linear com- 
bination of them ) should remain light. Then, in the trilinear superpotential, 
a coupling of the form X^-f^FiFjhj. will provide with masses the fermions of the 
third generation, with the GUT-predictions = m^^, m° = m°, where 
is the Dirac neutrino mass. A remarkable feature of these string models is the 
generic prediction that the Yukawa coupling responsible for the top-quark 
mass is large and of the same order with the common gauge coupling at the 
string scale, A° = V^gstring, leading to a top mass of the (^(ISO)^^^!^. This 
is compatible with previously proposed SUSY-GUT models which predicted ra- 
diative symmetry breaking and a large top mass with a single third generation 
Yukawa coupling ||24||. The bad (m^, m^^) relation is handled with the "see-saw"- 
type relation through a term of the form HFi^n ^< H > u^-^^ as described in 
previous works [^, |T^. The rest of the entries of the fermion mass matrices are 
expected to fill up when non-renormalisable contributions to the superpotential 
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are taken into account. Additional colored triplets c?^, d'^H remaining from the 
H + H representations form massive states with D^jD^ states arising from the 
decomposition of the sextet fields D — > + D^, through terms of the form 
HHD, HHD^. Note that some of them could be harmless even if they get mass 
at a relatively low scale ~ lO^GeV provided they do not couple with the ordinary 
matter at the tree level. 

Finally, the family F24 = (4, 2, 1) - antifamily F345 = (4, 2, 1) pair can be- 
come massive either at the tree level or from a higher order non-renormalisable 
coupling of the form W D < > (4, 2, 1)(4, 2, 1), with < $i >~ Mqut- In 
fact the singlet vevs are not completely arbitrary in these constructions. From 
the three family type t/(l)'s of the present model, one can define two linear com- 
binations (say U{l)i — U{1)2 — ^7(1)3, ?7(1)2 — ^(1)3) which are anomaly free, 
while the remaining orthogonal combination remains anomalous. The latter is 
broken by the Dine-Seiberg-Witten mechanism |2^ in which a potentially large 



supersymmetry-breaking D-term is generated, by the vacuum expectation value 
of the dilaton field. To avoid this situation, one has to choose a D- and F- flat di- 
rection in the scalar potential by assigning proper vevs to some of the scalar fields. 
The natural scale of these singlet vevs turns out to be M string >< >> Mqut- 

Let us finally analyse the alternative accommodation of the fermion gen- 
erations and higges under the observable symmetry. This can be easily ob- 
tained by interchanging 4^4 and 2l ^ 2^ in the relevant sectors. The 
three sectors 61,2,3 provide again the three generations. From 62 + 64 one gets 
F24 = (4, 2, 1), F24 = (4, 1, 2) while 63+64+65 gives F345 = (4, 1, 2), ^^45 = (4, 2, 1). 
(of course the f/(l) charges are not affected). Thus, now the higgs fourplets H+H 
needed to break the SU{4:) symmetry are contained in the (62+64) and (63+64+65) 
sectors. In fact we can now identify H = F345 = (4, 1, 2) and H = F24 = (4, 1, 2). 
It is possible however that a detailed phenomenological analysis of the model 
would require some linear combinations of Fj's and Fj's to be interpreted as the 
SU (4) breaking higgses of the model. Thus, in this case the higgs particles are not 
formed by condensates, therefore the 'GUT' scale is not related to the confinment 
scale. We may choose then Mqut ~ lQ^^~^^GeV and obtain a renormalisation 
group running of the gauge couplings as described above. The present accom- 
modation however, creates a new problem; the two remaining pieces of (62 + 64) 
and (63 + 64 + 65) sectors, have the same transformation properties with the left 
handed fermion generations. These two remaining (4, 2, 1) states are rather diffi- 
cult to become massive. However, it is possible that after the SU (4) breaking the 
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resulting colored triplets and doublets may combine with their conjugate partners 
arising from the composite states (4, 2, 1) (which now tranform as anti - fourplets 
under the interchange 4^4) through non-renormalisable terms resulting in an 
effective mass term much lower than the scale Mqut- 

The above model, is not of course a fully realistic model for the low energy the- 
ory. However, it is a rather interesting improvement of a previous version which 
was based on the same gauge symmetry. Its advantages with respect to the old 
version can be briefly summarized in the following points: Fractionally charged 
states transform non trivially under a hidden gauge group (namely Sp{4)) which 
forces them to form bound states. Specific composite states can play the role of 
the higgses which break the SU{A) x SU{2)ji symmetry while the most of the 
remaining hopefully may combine in various terms with other fields into rela- 
tively heavy massive states escaping detection by the present experiments. The 
main drawback of this construction is that the >S'p(4) group falls rather short to 
confine these charges at a suitably high scale. A novel feature of this construction 
of the model is also the choice of the vectors &i,2,3 which are different than the 
already used in the flipped ^^/(S)^] and standard model0 constructions. Since 
the previous SU{A) model has been pretty much similar to the flipped SU (5) we 
think that the three basis vectors 61,2,3 used here, can also offer new possibilities 
for these constructions which are worth exploring. 
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